Background-Under normal conditions, there are no torsional eye movements during voluntary saccades when the head is stationary (Listing's law). Methods and results-Using dual search coils for three dimensional eye movement recordings, a patient is reported who had direction specific rapid deviations of torsional eye position (up to 10-50) during voluntary saccades followed by a slow exponential torsional drift after the end of the saccade ("blip") towards the initial torsional eye position. In the absence of spontaneous nystagmus, this transient torsion means a violation of Listing's law for voluntary saccades and was associated with a lesion involving the cerebellar vermis, its deep nuclei, and the dorsolateral medulla. Amplitudes of the blip were larger for ipsilesional (hypermetric) than contralesional (hypometric) horizontal saccades. For comparison transient torsion during and after saccades was also examined in six normal subjects. Using the same in vivo calibration, there were no blips larger than 1-2°in any of them. Conclusion-Transient torsion with large amplitudes can be clinically seen on bedside examination and might thus be a new clinical sign in the diagnosis of saccadic disorders.
Accepted 16 October 1996 Torsional nystagmus1 2 The eyes have three degrees of rotational freedom. Roughly, with respect to the head, the eyes can rotate around an earth vertical axis, a horizontal interaural axis, and the (torsional) axis of straight ahead gaze. Due to the non-commutative properties of eye rotations their sequence has to be taken into account to determine the final eye position after eye movements. According to Donders, the torsional component of the final eye position is determined by the horizontal and vertical component of the eye movement. There is one single eye position, called primary position, from which any other horizontal or vertical eye position can be reached through rotation about an axis which lies in a head fixed plane (Listing's plane). 4 Thus with respect to this primary position, eye movements with the head stationary are restrained to two degrees of freedom of movement-horizontal and vertical. This restriction of eye movements was initially found by Helmholtz6 and is known as Listing's law. According to this law there should be no torsional eye movements during voluntary saccades-that is, the final eye orientation is restricted to orientations (axes of rotations) that can be reached from the primary position by rotation about an axis in Listing's plane.
Three dimensional eye position can be described in different coordinate systems. Commonly, rotation vectors7 or quaternions8 in a head fixed coordinate system are used because this representation helps to easily determine if axes of rotations indeed come to lie in Listing's plane. The components of a rotation vector describe the direction of the axis of rotation and the angle of rotation relative to a reference position. We used a special type of rotation vectors-quaternions. 8 If the eye is inappropriately torted for any given eye position in space it constitutes a violation of Listing's law. Graphically, these quaternions show whether torsional eye positions lie out of Listing's plane (out of the plane of zero torsion) and hence violate Listing's law-that is, they indicate if there are torsional eye rotations during saccades. All eye positions in this study were transformed into quaternions relative to primary position after calculating Listing's plane. 9 Primary position, which is the origin of the coordinate system using rotation vectors, is, however, not identical with the midposition or the gaze straight ahead position which roughly equals the centre of the oculomotor range. 5 There are contradictory reports about the validity of Listing's law with respect to saccades in normal subjects.5 1(13 Recently, transient torsional eye displacements (blips) have been shown in normal subjects during voluntary saccades reaching torsional amplitudes up to 05-l°'1l 14 and 1-2°.13 However, it is not known how transient torsion evolves and when it becomes pathological. Moreover, the magnitude of transient torsion during saccadeshereafter called blips (for definition see methods)-has become crucial to test the validity of different models of the oculomotor velocity to position transformation. '4 Using the search coil technique for recording three dimensional eye movements, we report a violation of Listing's law in a patient who showed a rapid deviation of torsional eye position during voluntary saccades followed by a slow exponential torsional drift after the saccade end towards the initial torsional eye position. There was no torsional or any other nystagmus in the light. This unusual oculomotor sign was associated with a unilateral lesion involving the cerebellar vermis, its deep nuclei, and the dorsolateral medulla.
Patient and methods
The 44 year old man had a history of sudden onset of severe vertigo, vomiting, coordination problems in his left arm and leg, gait unsteadiness, and a left facial numbness. Two weeks before these symptoms he had had a moderate whiplash trauma with subsequent headache lasting days but without other neurological symptoms. Otherwise, his medical history was unremarkable. There was a left cerebellar ataxia but no spontaneous nystagmus was noticed. Brain CT and MRI disclosed an infarction of the medical branch of the left posterior inferior cerebellar artery.'5 The lesion involved posterior parts of the cerebellar hemisphere, the posterior vermis, nodulus, medial, and caudal parts of the deep cerebellar nuclei, including the fastigial nucleus, and the dorsolateral medulla oblongata (fig 1) . The middle cerebellar peduncle was spared. Medially, immediately adjacent to the infarction, there was a small arachnoid cyst with a The left posterior inferior cerebellar artery infarction involves parts of the posterior cerebellar hemisphere, the posterior vermis, the nodulus, the deep cerebeUlar nuclei, and the left lateral medulla oblongata (arrow). diameter of 2 cm. Apart from that, MRI was normal.
Except for vertigo during head movements all symptoms remitted within months. One year after the infarction he came to our outpatient unit to ask for specific treatment of the persisting vertigo. There was no vertigo or spontaneous nystagmus in the light when the head was kept stationary. During large horizontal saccades and during vertical and horizontal smooth pursuit eye movements-which were saccadic at higher frequencies-some quick torsional deviation of both eyes was noticed by clinical examination. On head shaking movements in the horizontal plane or head positioning towards the left side there was a torsional nystagmus (beating in a negative torsional direction, counterclockwise-for definition see below) with a downward and small leftward quick component. During this nystagmus the patient noticed rotatory vertigo and unsteadiness. On serial positioning manoeuvres this nystagmus did not fatigue. Tilting the patient's head to the right did not evoke nystagmus or vertigo. The remaining general neurological examination was normal. In particular, there were no signs of ataxia or signs of the involvement of lower cranial nerves.
Angiography disclosed an occlusion of the left vertebral artery. In the distal part of the vertebral artery there was some supply from the ascending cervical artery; the right vertebral artery was 
METHODS OF EYE MOVEMENT RECORDINGS
After the patient and normal subjects had given informed consent a scleral coil was placed in the left eye under topical anaesthesia. A three dimensional scleral induction coil (Skalar) was used for recording horizontal, vertical, and torsional eye movements in a dual search coil system with two orthogonal magnetic fields. Calibration was performed in vivo by an iteration algorithm depending only on the fixation of the straight ahead position and spontaneous eye movements (Bartl et bit AD converter (DAP 1200) at a sampling rate of 200 Hz. The patient and normal subjects were asked to look at defined target locations presented by light emitting diodes on a tangent screen within a distance of 1 m from the subject's eye. Spontaneous and visually guided horizontal and vertical saccades (±o10, + 200) were performed in random order. Smooth pursuit was elicited sinusoidally with amplitudes of 100 and 200 in the vertical and horizontal plane at 0-13, 0-25, and 0-4 Hz. Pursuit performance (gain) was calculated by the ratio of eye amplitude (velocity) to stimulus amplitude (velocity) after omitting saccades. The head was kept stationary with a head holding device.
For caloric irrigation and testing the vestibulo-ocular reflex conventional electrooculography was added.'8 Fundus photography and the determination of the subjective visual vertical were performed as described previously (for normative values in control subjects see3 19). In addition, a video device (50 Hz sampling frequency) was used to qualitatively document eye movements. Figure 2A shows a search coil recording of horizontal, vertical, and torsional eye position of a normal subject, displayed as quatemions being transformed into degrees for better understanding. As mentioned above, with respect to a particular reference position (primary position) all eye movements are restrained to two degrees of freedom of movement-horizontal and vertical. This becomes evident in a three dimensional coordinate system by different views on the eye positions ( fig  2B) . There are virtually no torsional deviations from the horizontal saccade trajectories (none or only very small blips). The thinner the Listing's plane, the better the saccades obey Listing's law. Standard deviation of the width of Listing's plane did not exceed 1.10 in our normal subjects (fig 2) . Thus the widths of Listing's plane were compatible with other reports'3 and artifacts by calibration error are unlikely.'7 Looking at torsional velocity trajectories provides an even better analysis of the deviations from Listing's plane ( fig 2C) . Here, we only describe oculomotor signs that were also tested on the patient and we refer to other recent studies for more detailed descriptions of blips.13 14 Using the same paradigms as in the patient, the amplitude of torsional deviation (blip) during vertical and horizontal saccades did not exceed 1-20 in all six subjects, irrespective of direction and amplitude. For all six subjects, mean torsional blip amplitudes for 400 saccades was on average 053 + 0 3 (range 0-1-085)°. Time constants of the decay of the blip ranged from 80-250 ms. Blip amplitude was not correlated or only weakly correlated with saccade amplitude (range of regression coefficient r = 0 35-0 65). Thus some horizontal saccades did not show blips at all, in particular during saccades across midposition (straight ahead gaze, fig 2) . During horizontal saccades blips could change their direction, leftward saccades tended to show blips with a negative torsional direction (CCW); rightward saccades blips with a positive torsional direction (CW) respectively. Moreover, blip direction also changed with elevation of the eye that is, blip direction on downward gaze was usually opposite to that of upward gaze. Thus saccade direction and elevation of eye position determined the magnitude and direction of the blip.'3 EYE MOVEMENT RECORDINGS (PATIENT) Abnormalities duringfixation In the light, on fixation of the straight ahead position (midposition) and up to + 300 horizontally and + 200 vertically there was no nystagmus. In darkness, there was a small spontaneous nystagmus (up to 3-5°/s horizontal slow phase velocity) with a downward, leftward, and counterclockwise (negative torsional) quick component. It was completely suppressed on fixation in the light.
Abnormalities during saccades Horizontal and vertical saccades (20- 
and hypometric to the right (contralesional, gain average: 0-85 + 0 07, range: 0 5-0 96). Using the same paradigms as in the normal subjects, there were large transient torsional quick eye displacements during horizontal and vertical saccades (blips, fig 3A, B) that we did not find in normal subjects (see above). Quick torsional deviations usually started shortly after saccade onset and reached their maximum at the end of the horizontal or vertical saccade (fig 3A, B, C) . Peak torsional deviation was always reached after the peak horizontal velocity during horizontal saccades (fig 3B, E) . After the rapid uncalled for torsion there was a slow torsional drift back to the baseline torsional position exceeding the end of the horizontal and vertical component. The slow torsional drift showed an exponentially decreasing slow phase velocity in most instances. The time constant of the slow drift ranged from 250-310 ms (400 saccade amplitude). The rapid torsional component during saccades moves the eye out of Listing's plane whereas the torsional slow drift brings the eye back to the plane (fig 3C-E) , a phenomenon not seen in (or present to a much lesser degree in) normal subjects. Figure 3E shows that torsional velocity still increases when horizontal velocity has reached its maximum. In the patient, blips were always beating in a negative torsional direction, irrespective of the horizontal or vertical eye position. Mean torsional velocity for 50 amplitudes was 95°/s. Blip amplitude could be as large as 10-50 but could vary for the same saccade amplitude up to 6° (  fig 4) . However, on average it clearly depended on the direction of the horizontal saccades. Leftward saccades were associated with larger torsional (blip) amplitudes than rightward saccades, particularly for larger saccades (fig 4) . Blip amplitudes during hypermetric (leftward) saccades were significantly larger than during hypometric (rightward) saccades (for example, blip amplitude for 100 saccades 1-37 + 1 1 to the right and 2-5 + 1-2 to the left, P < 0 05, fig 4) . Blip amplitude was correlated with leftward (hypermetric) (r = 0-88, P < 0 0001) but only weakly correlated with rightward (hypometric) saccade amplitudes (r = 0 33, P < 0 03, fig 4) . Accordingly, vertical saccades also showed blips with a negative torsional direction (CCW). the contralesional brainstem side2 whereas blips in our patient showed a quick phase to the side of the lesion. It should be stressed that 4DOSCOPY AND SUBJECTIVE VISUAL during nystagmus the eye deviates from a certTICAL tain position and is brought back by the sacial fundus photography of the patient dis-cade. In our patient torsional deviation clearly sed no signs of pathological tonic ocular occurs with a fast movement which is reset by a ;ion (6-8°excyclotropia of the right eye slow exponential drift. Using rotation vec- ,ative torsional direction -17-80).3
If transient torsion during saccades was caused by the same mechanism underlying saccadic dysmetria blip amplitude would be icussion expected to be correlated with the amount of e main finding of this study was the pres-saccadic dysmetria. In our patient ipsilesional e of pathological torsional eye deviations (leftward) saccades were hypermetric and cor-*ing voluntary saccades with the head sta-related with blip amplitude (fig 4) . As visually iary in a patient who had no spontaneous guided torsional eye movements are not possitagmus in the light. This indicates a viola-ble we cannot look for "torsional saccadic dysi of Listing's law. Torsional eye deviations metria". Torsional deviation during horizontal ing saccades have been called blips." '3 saccades may reflect dysmetria in the roll is term exclusively refers to torsion during plane. Because the eye drifts back to Listing's after saccades and is more specific than plane as the "torsional target position" we er terms for example, pathological tor-need to look for this reference system to evalu-
1.
ate "torsional dysmetria". In this sense, zor clinical purposes, we have shown that Listing's plane provides a reference system of unusual magnitude of the blip which has metric torsional eye movements which, in been reported before-reflects a pathologi-addition, is nearly independent of the cooperasign compared with normal persons. We tion of the patient. d an in vivo calibration'7 and found blips in Inappropriate coupling of torsional and purmal subjects that did not exceed 1-20 suit signals has recently been found in patients plitude. Thus none of our normal subjects who had no transient torsion (blips) during wed blips ofthe magnitude we saw in our saccades.2' This torsional nystagmus has been ient. Slippage of the coil on the eye seems explained by asymmetric pursuit signals due to ikely because neither we nor others'3 found an imbalance of oppositely directed torsional ;ional drifts of this magnitude in normal components which are usually cancelled to subjects; repetition of coil recordings of the same normal subject yielded the same results. Moreover, we have shown that torsional saccade amplitude was direction specific and correlated with the amount of saccadic dysmetria indicating neuronal implementation of this unusual oculomotor sign. This direction specificity of blip amplitude in our patient also suggests a specific, reproducible effect.
Inappropriate cross coupling of vertical and horizontal or torsional saccades has been described in Wallenberg's syndrome, leading to saccadic "lateropulsion"2" or "torsional pulsion".' "Torsional pulsion", as suggested by Morrow and Sharpe, implies an unwanted torsional deviation during voluntary saccades. generate pure vertical pursuit eye movement without torsion. However, we only found torsional deviations (blips) associated with saccades and never in relation to slow eye movements such as smooth pursuit or slow phases of vestibular nystagmus. Torsional slow phase velocity was not related to the velocity of vertical smooth pursuit. We only found torsional deviations during vertical and horizontal pursuit when pursuit-at higher frequencieswas interrupted by saccades. In our patient, torsional deviations did not change their directions during upward or downward pursuit eye movements although they were much smaller during upward pursuit. Thus the torsional deficits in our patient were not related to pur-suit signals but constitute a saccadic disorder. Finally, unlike the results of FitzGibbon et al22 the middle cerebellar peduncle was clearly not lesioned in our patient.
Taking all lines of evidence together, our data suggest that the pathological blips in our patient reflect "torsional saccadic dysmetria" and not the fast resetting response to a (pathological) slow phase torsional velocity signal, the second being the normal cause for eliciting a torsional saccade component. It is in agreement with this view that in our patient the torsional component drifts back after its maximal deviation with a time constant close to that found after mechanical torsional displacements. '6 At present it remains speculative whether blips in our patient are caused by the lateral medullary or the cerebellar lesion. There were no additional clinical brainstem signs indicative of Wallenberg's syndrome. Pathological static torsion (fundoscopy) or deviation of the subjective visual vertical were absent, and these are often seen (94% of patients) after dorsolateral medullary lesions.3 Nevertheless the medullary lesion in our patient could explain the saccadic disorders by virtue of a disruption of climbing fibres. It has previously been shown that saccadic dysmetria in Wallenberg's syndrome is probably caused by a functional lesion of the deep cerebellar nuclei'8-that is, the oculomotor vermis and the fastigial nucleus. These structures, which receive afferent climbing fibre input, are also involved in the infarction of our patient.
THEORETICAL IMPLICATIONS
The magnitude of transient torsion during saccades has recently become a crucial argument in the testing of the validity of two models concerning the neural representation of the velocity to position transformation. The question arises how the three dimensional velocity to position integrator contributes to this transient torsion'3-for example, does the neural integrator try to obey Listing's law only at equilibrium or at all times but fails due to mismatches between the premotor signal and the oculomotor plant dynamics?
The small blip amplitude in normal subjects was taken as evidence against the SchnabolkRaphan model,22 predicting torsional deviations of up to 70, and was more compatible with the quaternion model of velocity to position transformation,'4 predicting no blips at all. It is of importance, that both models use identical values for passive torques. The Schnabolk-Raphan model suggests that the eye is moved by torques of the extraocular muscles, representing commutative vectors, and thus a neural representation of commutative vector transformation is sufficient to generate eye movements. Thus using torque vectors the model preserves Listing's law by the elastic properties of the oculomotor plant.
The quaternion model'4 instead is based on a non-commutative process of oculomotor velocity to position transformation. Blips of small amplitudes would only occur if torsional burst amplitude is not appropriate.
POSSIBLE MECHANISMS OF BLIP GENERATION
If there is a neural representation of the torsional equilibrium eye positions somewhere in the brainstem or cerebellum ("Donders box"4), a failure of this structure would imply a loss of control that usually prevents and corrects torsional deviations during saccades. Consequently, pathological torsion (blips) would occur. However, torsional deviation could also be actively produced ("torsional saccadic dysmetria") if there is a mismatch between the premotor saccadic signal (pathological saccadic pulse) and the oculomotor plant dynamics. The rapid torsional deviations would interfere with the saccade command, thus leading to torsional deviations. Theoretically, it can also be postulated that the non-commutative velocity to position integrator'4 lost its eye position feedback signal, which transforms it into a commutative integrator closely resembling the SchnabolkRaphan model, thus producing substantial blip amplitudes. By contrast, to change the blip amplitude from 1-2°(normal subject) to 5-10°(patient), the Schnabolk-Raphan model would make a substantial change of burst parameters necessary, which can probably not be explained by the lesioned neuronal structures in our patient.
Finally, what brings the eye back to Listing's plane? Interestingly, time constants of the drift back to the torsional position at saccade onset were similar to those found for drifts after mechanical torsional displacements.'6 Thus in this respect the drift would just reflect the elastic properties of the oculomotor plant.
Conclusion
We have provided evidence for pathological torsional deviations during and after voluntary saccades (blips). This indicates a violation of Listing's law for saccades. In the absence of torsional nystagmus pathological torsional deviations during saccades (blips) might be a new helpful clinical sign for the diagnosis of torsional eye movement disorders, particularly as this sign can be clinically seen. The direction specificity of blips in our patient being closely aligned to the pattern of horizontal saccadic dysmetria could suggest similar underlying pathomechanisms providing evidence for "torsional saccadic dysmetria". For clinical use, blips can be best seen during large horizontal saccades.
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